Bubble dynamics in water close to the tip of an ultrasonic horn (~23 kHz, 3 mm diameter) have been studied using electrochemistry, luminescence, acoustics, light scattering and high-speed imaging. It is found that, under the conditions employed, a large bubble cluster (~1.5 mm radius) exists at the tip of the horn. This cluster collapses periodically every 3 to 4 cycles of the fundamental frequency of the horn. Following the collapse of the cluster, a short-lived cloud of small (10's of microns in diameter) bubbles were observed in the solution. Large amplitude pressure emissions are also recorded which correlate temporally with the cluster collapse. Bursts of surface erosion (measured in real time using an electrochemical technique) and multibubble sonoluminescence (MBSL) emission both also occur at a sub harmonic of the fundamental frequency of the horn and are temporally correlated with the bubble cluster collapse and the associated pressure wave emission.
I. Introduction
The ultrasonic horn is one of the most common commercial ultrasonic devices, and yet its mode of operation is surprisingly complex. Through the application of an approximately sinusoidal continuous-wave (or sometimes tone-burst) voltage (of centre frequency f 0 usually in the region of [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] to the piezoelectric stack in the shaft of the horn, the tip of the horn undergoes an approximately sinusoidal oscillation of a few 10's of microns at f 0 . The tip being immersed in a liquid, and the wavelength in the liquid at f 0 being much larger than the tip diameter, the direct sound field amplitude falls off rapidly with distance from the tip (as a dipole if the tip is only shallow, and as a monopole if it is very deep, which is rare). Even in the absence of cavitation, the overall sound field in the liquid itself is a combination of this direct field and that generated by the reverberation and reflections from walls of the vessel which contain the liquid 1, 2 . When cavitation is modelled in this environment, the vast majority of simulations assume a single bubble in an infinite body of liquid driven by a sound field at f 0. If the driving pressure fluctuations are great enough to exceed the Blake threshold (usually around atmospheric pressure at these frequencies under normal conditions in water) microscopic pre-existing bubbles within the liquid can expand rapidly in the rarefaction portion of a sound wave. If this expansion is sufficiently large, the subsequent bubble collapse is dominated by inertial forces within the liquid and has been termed 'inertial cavitation' (also known as 'transient cavitation ') 3,4 . In contrast, during 'non inertial cavitation' the collapse is dominated by the pressure within the gas phase of the bubble interior [5] [6] [7] . The fate of a particular bubble is determined by the local conditions of frequency, pressure amplitude and solution parameters 3 8 , and its initial size, and these define the threshold conditions for generating inertial cavitation. The most common usage of ultrasonic horns is for them to generate 20-30 kHz continuous-wave fields into water or aqueous solution Birkin et al. 4 that has undergone no special treatment (such as degassing, deionising) under atmospheric pressure. For such conditions the threshold acoustic pressure to generate inertial cavitation is around ~ 100-120 kPa (zero-to-peak amplitude), and as the driving pressure exceeds this, a relatively broad range of initial bubble sizes (from microns to tens of microns radius) will generate inertial cavitation 9 . However, this familiar scheme of single bubble dynamics has only limited applicability to a complex, though common, cavitation environment such as the horn produces, and attention must also be paid to the interactions between bubbles, and the roles of the bubbles whose size and location place them below the threshold for inertial cavitation. The distinction between inertial and non-inertial events is vital when interpreting results of sonochemical/sonoelectrochemical experiments, as many of the phenomenological effects associated with sonication occur during inertial bubble collapses 10 . Examples inertial cavitation effects include local hot spots [11] [12] [13] , light emission [14] [15] [16] , radical generation [17] [18] [19] , shock waves 20, 21 and material erosion [22] [23] [24] or production 25 . These effects are potentially useful within a chemical environment where, for example, the processing 26 of materials or the destruction of organic pollutants is desired [27] [28] [29] . However, non-inertial cavitation can affect inertial cavitation in many ways, for example by shielding the sound field, setting up microstreaming currents which affect the transport of bubble nuclei and dissolved gases etc 30, 31 . In addition solution constituents, for example surfactants, have been shown to influence the phenomena observed 32, 33 .
In order to assess the activity in such multibubble cavitation fields, because of the pressure dependence in the fate of cavitation bubbles, the first consideration should be to the shape and characteristics of the sound field generated by the sound source 1 . For an ultrasonic horn, the direct field falls dramatically with distance, such that with increasing ranges its contribution compared to the reverberant and scattered fields reduces. Normally therefore, as the distance from the surface of the sound source is increased, there will be a point at which inertial cavitation ceases to exist and only non-inertial bubble oscillation occurs. However, this simple model is complicated by the interacting dynamics of bubbles in clouds 34 or clusters 23, 35, 36 , and the fact that the pressure (and flow) fields that drive those bubble dynamics can contain important contributions in addition to the emitted field which would be modelled from the horn, or measured from the horn in bubble-free conditions. Figure 1 demonstrates an example where higher frequency bubble-generated acoustic waves are important in demarcating the extent of the zone close to the horn where inertial cavitation can occur 9, 21 . Figure 1 (a)-(e) shows how the high frequency components are effectively scattered off of the electrodes support and contribute significantly to the MBSL spatial distribution of the system (see Fig. 1 (e) for example). The presence of such higher-frequency components in the pressure field, is clear in Fig. 1 (f) when a hydrophone was placed within the sound field. In addition, when the horn was operated in identical conditions except that the water used in Fig. 1 (f) was replaced in (g) by castor oil, the measured pressure field in this case resembled the sinusoidal voltage signal supplied to the horn but in the absence of the pressure spikes caused by cavitation. The overall cavitational activity is therefore dependent on the cavitation cloud dynamics, and on components in the pressure field other than the direct radiation from the source 21, 37 . Furthermore, changes in the drive conditions (e.g. amplitude) can change the effects of the cloud (e.g. in scattering, shield, absorbing or enhancing the sound field), such that the observables (such as the location of luminescence) can in turn change 15, 38 .
Cavitation is complex enough to generate many effects and to cause difficulties when attempts are made to quantify it. Quantification of cavitation is therefore actually the quantification of the effects of cavitation. In addition, this quantification process is most safely done by the monitoring of numerous effects and comparing the results. Some common methods of quantification of the effects of cavitation (such as sonochemical yield or erosive mass loss) Birkin et al. 6 afford poor spatial and temporal resolution. Measurements which afford fine spatial resolution in conjunction with the correlation of time resolved measures of cavitation [39] [40] [41] provide particularly useful approach to probing such complex cavitation environments, particularly when those measurements cane be made simultaneously.
This manuscript reports the results from a unique combination of time resolved techniques, which are used to characterize the dynamics of cavitation induced close to the tip of an ultrasonic horn which generated the features in Fig. 1 . The techniques used are: electrochemical detection of surface erosion, time resolved MBSL, laser scattering, acoustic pressure measurements and highspeed imaging. By combining these techniques it has been possible to gain an insight in to the dynamics of the bubble population and partially elucidate mechanisms associated with the phenomenological effects associated with inertial cavitation.
II. Experimental

A. The driving conditions
A commercial ultrasonic horn (Adaptive Biosystems) fitted with a 3 mm diameter titanium tip was driven by a continuous sinusoidal signal from a function generator (Grundig Digimess FG 100) via a power amplifier (Brüel & Kjaer Type 2713). The function generator was interfaced with a PC using software written in-house, allowing the frequency, power and duration of the ultrasound to be controlled. The nominal frequency and reference intensity (measured using a calorific technique 42 ) of the horn field were ~23 kHz and ~50 W cm -2 (more precise measurements are included in each relevant figure caption).
B. Acoustoelectrochemical Experiments
Acoustoelectrochemistry is the process by which mass flux [43] [44] [45] , reaction 46, 47 or erosion 48 resulting from acoustically-induced liquid motion (usually bubble-generated motion 49 ) is monitored by their effects on an electrochemical current, as sensed at an electrode. The detection of mass flux is sensed because, in stagnant fluid, the electrochemical current is limited by diffusion alone, and over time the region of liquid close to the electrode tip becomes depleted of active species. Liquid motion disrupts this depletion layer by introducing convection to the system 49, 50 . This is sensed as an enhancement of electrochemical current. The working electrode (or sensing element) is usually made of some noble metal (such as platinum) imbedded in an insulator (such as glass or epoxy resin). In contrast, the electrodes used to sense erosion are made of a passive metal (such a lead in sulphate 9,48 media or aluminium 51 ). Erosion is sensed through the current required to regrow a passivating layer which has been mechanically removed from the surface of the electrode.
These sensors can have resolutions better than 100 µm and 100 µs (depending on the mechanism Birkin et al. 8 investigated). In this manuscript the investigation of the erosion technique is reported in relation to the temporal dynamics of the events generated. This allowed the separation between the surface of the working electrode and the tip of the ultrasonic horn to be controlled with the necessary high degree of precision. is still large compared to the pressure gradients expected. Consideration of this in terms of spatial averaging effects is paramount when recording and interpreting pressure measurements. However, the element is small enough to satisfy the condition that the dimensions are less than one tenth of the wavelength of the driving sound wave used in this work (~ 7 cm), which implies that the hydrophone is omnidirectional with respect to the driving (~23 kHz) pressure wave. However, for frequencies above 180 kHz these hydrophones are known to be limited, with loss in sensitivity, and their phase response is rarely calibrated. Hence, measurements of shock pressure amplitudes will be underestimated under these conditions.
C. Acoustic Measurements
D. Luminescence Experiments
The temporal characteristics of MBSL were investigated using an EMI-Gencon Inc. RFI/B-293 photomultiplier tube (PMT) powered by 2 kV power supply (Brandenburg 475R). The PMT was fixed to the underside of a wooden platform, which had a hole (10.5 cm diameter) in the centre.
A sliding cover allowed the hole to be covered when not in use. The cell, which was a Pyrex crystallisation dish (internal diameter, 93 mm depth, 50 mm), was placed above the PMT and the horn was positioned such that the tip was 15 mm below the surface of the solution (0.75 mol dm -3 Na 2 SO 4 ) and directly above the PMT. In order to measure the pressure and light output simultaneously, a hydrophone was placed in the cell such that the acoustic centre was at a lateral distance of 15 mm from the centre of the tip of the horn. An oscilloscope (Tektronix TDS 224) was used to record the output from the PMT and the hydrophone simultaneously, allowing the pressure signal and light output to be temporally correlated.
E. High-Speed Imaging
High-speed video footage was recorded using a Photosonics Phantom V7 or Photron APX RS (both capable of frame rates exceeding 100 000 frames per second (fps)) digital video camera fitted with a monozoom lens. It was necessary to backlight the subject so that the horn and bubbles appear as silhouettes. For high-speed imaging experiments a cylindrical glass cell (75 mm i.d, 105 mm height) fitted with a flat window was used.
F. Laser Scattering Experiments
For laser scattering experiments a 3 dm the voltage became less negative). Prior to each experiment, the position of the photodiode was adjusted by means of an XYZ stage (Newport, 0.02 mm resolution) such that the output was at a maximum negative value. The laser beam was flat with a width of 3 mm and was orientated such that it was parallel with the face of the ultrasonic horn. The distance between the horn and the beam was determined by lowering the horn (by means of a micrometer and stage) until it just blocked the beam and then retracting the horn a known distance. The actual distance used is given in the appropriate figure legends. The pressure and photodiode output were recorded using a Le Croy 9310 AM oscilloscope. For experiments where the distance between the horn and the hydrophone was varied, the glass support was blanked off and the hydrophone was clamped in place using a retort stand.
G. Chemicals and Solutions
All solutions were made up using water from an USF Elga Purelab Option E10 water purification system. Water purified in this manner had a conductivity of below 0.1 μS cm -1 and a low organic content (manufacture quoted TOC < 30 ppb). Na 2 SO 4 (BDH, AnalaR) was used as received.
III. Results and Discussion
A. High Speed Imaging and Laser Scattering
In order to study the dynamics of the bubble population, first high-speed imaging was employed. ). Note that in the absence of cavitation (e.g. by suppressing this process using castor oil instead of water -see Fig. 1 (g) ) the pressure wave became sinusoidal in nature 9 . This indicates that the shock wave like emission is strongly linked to the cavitation process within the water rather than an intrinsic property of the transducer.
The periodic nature of the bubble events recorded using this high-speed camera technique was investigated further using a laser scattering technique. Here the beam of a diode laser was passed through the solution at a defined distance below the tip of the operating ultrasonic horn. A photo diode was then used to detect the intensity of the beam. In the absence of any scattering objects Birkin et al. 13 in the laser beam's path (e.g. bubbles) the voltage signal recorded from the photodiode is at its most negative. However, scattering due to bubbles or other objects is seen as a reduction in the negative voltage (towards zero when the laser beam is totally obscured) recorded by the photo diode. Figure 4 ). The link between these events and the hydrophone data can be further highlighted by varying the distance between the tip of the ultrasonic probe and the hydrophone and then measuring the delay between the events in the laser scattering experiment and the hydrophone data. The results of such an experiment are shown in Fig. 5 which was performed in the 3.5 dm 3 vessel. Here the time between the pressure pulse (B) and the spikes in the scattering signal (A) can be seen to increase as the distance between the hydrophone and the tip of the ultrasonic probe was increased. The relationship is linear and can be used to calculate the speed of sound in the liquid as 670 ± 100 m s -1 . This is much less than the speed of sound in bulk water but this may be expected in the presence of bubbles. This retardation of sound velocity in bubbly liquids is well known, 54 and similar values have been measured in vessels in which inertial cavitation has been generated 1 .
While the high-speed imaging shown in Fig. 3 can capture the periodic collapse of a large bubble cloud at the tip of the ultrasonic horn, there is nothing visible to explain the transient laser scattering observed (the spikes labelled A and A' in Fig. 4) . However, further high-speed imaging experiments have revealed evidence of transient bubble clouds. Figure 6 shows a sequence of frames collected at 100 000 fps below an operating ultrasonic horn and above an electrode. The collapse of the cluster formed below the ultrasonic tip can be seen between frames 1 and 7. Frame 8 is almost totally clear. This is consistent with the data presented thus far.
However, frame 9 shows a group of small bubbles in the bulk solution (highlighted by the dotted oval). They are also much smaller than the large cluster that exists at the tip of the horn. Such bubbles have been detected in other scenarios 40 , in response to a search for the cause of spikes in sonoluminescence emission 41 . It is proposed that these events are partially responsible for the spike in the laser scattering data (note the shock itself may give a perturbation of the laser through Schlieren effects 55 ). A further example of these transient clouds of bubbles is shown in Fig. 7 . This figure shows a set of images, which depict key stages of the bubble population dynamics observed and described above imaged by illumination through the cell to the camera (creating a shadow effect which is useful in imagining bubble produced within the media). (h)). This agrees with the laser scattering data shown in Fig. 4 . However, the images also clearly show that the pre-existing bubbles (see Fig. 7 frame (a), BN) are compressed before a 'rebound' event was observed (see Fig. 7 frame (d)).
B, Correlation of Bubble Dynamics with Physical Effects
The correlation of these dynamics with the observed effects of cavitation was investigated by first measuring the response of a surface erosion sensitive electrode 48, 56 (in this case a passivated Pb electrode) within this environment. which also correlates with a large pressure spike. While it must be noted that the timing of the pressure spike is by no means exact, it is clear that the erosion of the electrode appears to be associated with the shock wave event. In addition to this erosion data, temporally correlated pressure and scattering, MBSL data was also recorded. Figure 9 shows the MBSL output recorded by means of a photomultiplier tube and the corresponding acoustic pressure time history. Again, light output (negative voltage spikes) correlates temporally with the high pressure spikes and occurs at 1/3 of the fundamental frequency of the horn. This suggests that MBSL is also associated with the events that occur at the time of the subharmonic pressure spike emission.
It is interesting to note that, in the case of MBSL, for every subharmonic pressure spike seen in the hydrophone signal there is corresponding light output. In contrast, not every shock wave seen in Fig. 8 leads to a repassivation transient. This suggests that although a global shock wave is generated, which can be detected by the hydrophone, it is the action of a localised event (possible microjetting) that leads to surface erosion. The lead microelectrode represents a small target, whereas the PMT collects light from a wide area. Hence only events, which occur in a suitable location, will be detected by the passivated electrode.
C. The Mechanism
The evidence presented thus far suggests that the environment below an operating ultrasonic horn is very complex indeed. Clearly, shock waves, bursts of bubble events, erosion and MBSL emission all occur in a local space and within a short time window. It is interesting to discuss the possible mechanisms responsible for these physical observations. The high-speed imaging shows that a cluster collapse 23, 35, 36 is produced on the surface of the operating ultrasonic horn. This cluster collapse correlates with the extended periodicity of the other experimental observations (e.g. in this case the erosion, shock and MBSL measurements occur on every 3 rd or 4 th cycle of the ultrasonic wave in time with the laser scattering and high-speed imaging of the cluster collapse). However, the actual mechanisms responsible for surface erosion and MBSL are less clear. The laser scattering and high-speed imaging suggests that after the large gas cavity on the surface of the horn has collapsed, a cloud of small transient bubbles are observed. These are at an extended distance compared to the cavity collapse itself, which is estimated to extend ~ 1400 m  from the surface of the horn. As erosion and MBSL have been observed at greater distances that this 9,21 one could suggest that these small, transient bubble events are responsible for both effects, or that the transient bubble cloud marks the passage of a pressure wave through the liquid, and the arrival of that pressure wave on, say, the erosion sensor generates further cavitation and thence erosion. It is useful at this point to discuss the sequence of events that could be responsible for these experimental observations.
Inertial collapse of an individual bubble can generate a positive pressure pulse which, close to the bubble, can have amplitude very much greater than that of the wave which caused the collapse 57 , although the amplitude of this wave will of course decay as it propagates to the far field 37 .
However, high amplitude tensile components can also be generated, for example as these compressive waves reflect off neighbouring bubbles 37, 57 . Furthermore, there will be edge waves from the perimeter of the horn face, and a complex of waves generated within (and at the perimeter of) the horn material itself 10 . Hence the collapse of a cluster against the horn face, and interaction of the pressure fields within these media, will generate a complex pressure wave which propagates outwards.
The short lived transparency of the liquid (see Fig. 7 frame (d) ) is assumed to coincide with the low laser scattering (see Fig. 4 labelled L) and is a result of compression of bubbles by the above mentioned compressive pulse. However, the limited hydrophone response cannot capture its true form nor that of the subsequent large tension (although both have been observed in the experiments, see Fig. 4 B and T for example). Nevertheless, the action of the tension on previously compressed bubbles would be expected to produce the extreme bubble growth and subsequent high transient laser scattering observed. This conclusion is supported 58 by cavitation histories associated with shock waves, particularly during lithotripsy 20, 59, 60 .
It is worth noting that only surface erosion and MBSL have been investigated here. However, the consequences for chemical activity within this environment are unclear. If chemical activity is linked to MBSL output of a system, as suggested in other reports 18, 61, 62 , one would also expect this to follow this cluster collapse and transient bubble cloud mechanism and associated timing.
Also, the discussion thus far has concentrated on the space close to the tip of the sound source where inertial events are generated (< 3 mm away from the centre of the piston like emitter employed here). While this region is rich in mechanistic detail, it only represents a small fraction of the total volume of the liquid. In other locations, outside of this zone, the behaviour of bubbles will be non-inertial but still of interest.
IV. Conclusions
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A multi sensor/imaging approach to the environment below an operating ultrasonic horn has been reported. The environment has been shown to be extremely complex with shock waves, inertial cavitation, cluster collapses and transient bubble clouds observed. These observations indicate that physical measurements such as surface erosion and MBSL emission from such an environment is strongly periodic in nature and occur at a subharmonic resonance related to the dynamics of bubble clouds within this media.
V. Acknowledgements
We thank the EPSRC for funding (EP/E024408/1 and EP/D05849X/1) and the EPSRC Instrument Loan Pool for assistance with some of the high-speed imaging reported in this manuscript. 1379-1396, (1975). 7 T. G. Leighton "The Acoustic Bubble, section 4.3.1"; (Academic Press, London, 1994); 312-329. 8 T. G. Leighton, "Bubble Population Phenomena in Acoustic Cavitation", Ultrasonics Sonochemistry. 2, S123-S136, ). The electrode-to-horn distance was 1 mm and the horn-to-hydrophone distance was 10 ± 1 mm. The experiment was performed under Birkin et al. 28 aerobic conditions in a cylindrical cell (45 mm diameter, 45 mm depth) at 25 ± 1 °C. Note the (*) refer to the shock waves emitted by the cavity collapse process. ). The horn-to-hydrophone distance was 15 ± 1 mm. The experiment was performed under aerobic conditions in a cylindrical cell (93 mm diameter, 50 mm depth).
VI. References
57,
The cell contained aerobic aqueous 0.75 M Na 2 SO 4. at 18-23 o C. Note that the (*) refer to the shock waves emitted by the cavity collapse process. g.
Birkin et al.
30
Figure 2 
